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ABSTRACT 

We report the detection of Cd I [Z = 48), Lu n (Z = 71), and Os II [Z = 76) in the metal-poor star 
BD +17 3248. These abundances are derived from an ultraviolet spectrum obtained with the Space 
Telescope Imaging Spectrograph on the Hubble Space Telescope. This is the first detection of these 
neutron-capture species in a metal-poor star enriched by the r-process. We supplement these measure- 
ments with new abundances of Mo I, Ru I, and Rh I derived from an optical spectrum obtained with 
the High Resolution Echelle Spectrograph on Keck. Combined with previous abundance derivations, 
32 neutron-capture elements have been detected in BD +17 3248, the most complete neutron-capture 
abundance pattern in any metal-poor star to date. The light neutron-capture elements (38 < Z < 48) 
show a more pronounced even-odd effect than expected from current Solar system r-process abun- 
dance predictions. The age for BD +17 3248 derived from the Th n/Os n chronometer is in better 
agreement with the age derived from other chronometers than the age derived from Th n/Os I. New 
Hf II abundance derivations from transitions in the ultraviolet are lower than those derived from 
transitions in the optical, and the lower Hf abundance is in better agreement with the scaled Solar 
system r-process distribution. 

Subject headings: nuclear reactions, nucleosynthesis, abundances — stars: abundances — stars: in- 
dividual (BD +17 3248, HD 122563) — stars: Population II 



1. INTRODUCTION 

Steady progress has been made over the last half- 
century toward understanding how the heaviest elements 
in the Universe are produced. For the elements heav- 
ier than the iron (Fe) group, the vast majority of iso- 
topes are produced by the successive addition of neu- 
trons to existing nuclei on timcscales that are slow or 
rapid relative to the average (3~ decay rates. These are 
referred to as the slow (s) and rapid (r) neutron (n) 
captu re processes, respectiv ely (see, e.g., iTruran et al.l 
120021 and iSneden et al.l 120081 for discussion of these pro- 
cesses) . The basic physical principles of these reactions 
are well known. The s-process involves isotopes near the 
valley of j3 stability, so the properties relevant to under- 
standing the nature of the s-process (e.g., n-capture cross 
sections, half- lives, etc.) can be studied in laboratories 
on Earth (see lCowan et al.lll991l and references therein). 
Phenomelogical or nuclear reaction models can then be 
constructed to predict the g eneral abundance pattern 
produced by the s-process (see lBusso et al.lfl999l ). When 
applied to the Solar system (S. S.) heavy element abun- 
dance distribution, the s-process abundances can be sub- 
tracted from the total abundances to reveal the r-process 
component (e.g. .iSeeger et al.ll965t iKappeler et allli"989l : 
lArlandini et all 119991 ). Due to the more energetic na- 
ture of the r-process and the exotic, short-lived nu- 
clei involved, reaction networks for the r-process wer e 
not tractable until only recently fsee lKratz et all 120071 ). 
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To evaluate and verify detailed nucleosynthesis models, 
abundance patterns must be accurately characterized for 
as many elements as possible in locations beyond the S. S. 

In this Letter, we report abundance estimates for neu- 
tral cadmium (Cd I, Z = 48), singly ionized lutetium 
(Lu II, Z = 71), and singly ionized osmium (Os II, 
Z = 76) in the near-ultraviolet (NUV) spectrum of 
the r-process enriched metal-poor star BD +17 3248. 
This is the first clear detection of Cd and Lu in a 
metal-poor star enriched by the r-p rocess. Combined 
with previous abundance derivations (jCowan et al.H2002l 
200.-,: ISneden et all I2009D and several other new abun- 
dances derived from the optical spectrum of this star, 32 
n-capture elements have been detected in BD +17 3248, 
the most complete n-capture pattern in any metal-poor 
star. In the metal-poor star HD 122563, which is rela- 
tively deficient in the heavy n-capture elements, we also 
report tentative detections for Cd I and Lu n, as well as 
an upper limit for Os II. Finally, we use these new abun- 
dances to differentiate among the various techniques used 
to predict the r-process abundance pattern. 

2. OBSERVATIONS AND ABUNDANCE ANALYSIS 

NUV spectra of BD +17 3248 and HD 122563 were 
obtained using the Space Telescope Imaging Spectro- 
graph (STIS) on the Hubble Space Telescope (HST). 
These spectra cover a wavelength region from 2280- 
3120A at R = A/AA - 30,000. The optical spectrum 
of BD +17 3248 was obtained usin g the High Res olu- 
tion Echelle Spectrograph (HIRES; IVogt et al.lll994D on 
Keck I, and this spectrum covers a wavelength region 
from 3120-4640Aat R ~ 45,000. See lCowan etHI ff2005h 
for further details. 

In Figure [TJ we show segments of the STIS spectra 
surrounding the Os n transition at 2282. 28A and the 
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Fig. 1— Spectral regions of BD +17 3248, HD 122563, and 
HD 115444 surrounding the Os II and Cd I lines. The spectra have 
been smoothed to increase their signal-to- noise (S/N) ratios. 

the Cd I transition at 2288.02A in BD +17 3248 and 
HD 122563, as well as HD 1154440 A strong absorp- 
tion feature is clearly identified at these wavelengths in 
BD +17 3248 but not in HD 122563. BD +17 3248 is 
warmer (T e g = 5200 K) and more metal- rich ([Fe/H] = 
-2.1) than HD 122563 (T off = 4570 K and [Fe/H] = 
-2.7). HD 115444 has a temperature (T cff = 4720 K), 
metallicity ([Fc/H] = —2.9), and overall light ele- 
ment abundance distribution (i.e ., 6 < Z <- 40 ) 
that closely resembles HD 122563 ()Westin et all 120001 ) . 
HD 115444 is overabundant in the heavy n-capture 
elements ([Eu/Fe] = +0.7) relative to HD 122563 
([Eu/Fc] = —0.5). Therefore the only significant differ- 
ence between the spectra of HD 115444 and HD 122563 
should be the stronger heavy n-capture absorption lines 
in HD 115444. In Figure [TJ we see that HD 115444, like 
BD +17 3248, also exhibits strong absorption features at 
2282.28 and 2288.02A, but HD 122563 does not. Thus 
heavy n-capture species must be producing this absorp- 
tion. We find no transitions of heavy n-capture species 
at these wavelengths — or the Lu n line at 2615. 4lA — in 
the Kurucz or NIST line databases that could plausibly 
account for this absorption other than the species of in- 
terest. 

References for published transition probabilities of the 
lines used in this analysis are given in Table [TJ We de- 
termined the transition probability of the Lu II 2615.42A 
resonance line to be \og(gf ) = +0.11 ± 0.04 based 
on a laser-induc ed fluorescence lifetim e measurement of 
its upper level (|Fedchak et all I2000D and a bra nching 
fract ion calculation of .971 (jQuinet et all [1999) . (Sec 
also lLawler et al.l 120091 ) The 175 Lu iso tope is domi- 
nant (97.4% of S. S. Lu; ILoddersI I2003T) . The 176 Lu 

4 This spectrum of HD 115444, taken with STIS using the same 
setup as the spectra of BD +17 3248 and HD 122563, has consid- 
erably lower S/N, and we do not examine HD 115444 beyond this 
initial test. 



isotope is blocked from r-process production by the sta- 
ble 176 Yb isotope, so it is expected to be entirely ab- 
sent from BD +17 3248. The odd-Z isotope 175 Lu has 
nonzero nuclear spin / = 7/2. Hyperfine structure 
(hfs) and an accurate line position are based on new 
laboratory measurements of the 6s6p 1 P° level energy, 
38223.406(8) cm" 1 , hfs A, -0.03731(10) cm" 1 , and hfs 
B, 0.0811(15) cm -1 . The naturally occurring r-process 
isotopes of Cd and Os are predominantly even-Z even- TV 
isotopes with zero nuclear spin, thus we are justified in 
ignoring the hfs from their minority isotopes. 

We use the current version of t he LTE spectral 
analysis code MOOG (|Snedenl 119731 ) to perform the 
abundance analysis. We adopt the atmospheric pa- 
ram eters for BP +17 3 248 a nd HD 122563 d erived 
by iCowan et all (|2002f ) and iSimmerer et"~aTl (|2004f ) 
(T eff /log g/[M/B]/v t = 5200 K/1.80/-2.08/1.9 km s" 1 
and 4570 K/1.35/-2.50/2.9 km s -1 , respectively) and 
interpolate model a tmospheres from the Kurucz grids 
(ICastelli et al.l[l997l) . 

We compare our results to abundances of other species 
derived from lines in the optical spectral range. In the 
NUV, bound-free continuous opacity from metals may be 
comparable to or greater than the bound-free continuous 
opacity from H _ that dominates in the optical spectral 
range for metal-poor stars (e.g., iTravis fe Matsushimal 
1968). To compensate for deficiencies in our ability to 
model the continuous opacity in this spectral range, we 
have derived abundances of relatively clean, unsaturated, 
and unblended Fe I and Zr n lines across the NUV. We 
require that these lin es have reliable log(g/) values (Fe I: 
lO'Brian et all 119911 o r a grade of "C" or b etter in the 
NIST database; Zr Ii: iMalcheva et~aTll2006l) . and we de- 
rive the abundances by matching synthetic to observed 
spectra. Ideally we should select metals that make signif- 
icant contributi ons to the contin uous opacity (e.g., Mg, 
as advocated bv lBell et all l2b011 but practically we are 
constrained because there are very few metals whose lines 
have reliable laboratory transition probabilities and are 
unsaturated and unblended in the NUV spectra of these 
stars. 

Figure [2] displays the abundances of Fe I and Zr II 
in BD +17 3248 and HD 122563 as a function of wave- 
length. Two characteristics would indicate that we have 
successfully reproduced the continuous opacity: (1) no 
trend between abundance and wavelength, and (2) agree- 
ment between the abundances derived from the optical 
and NUV transitions. A similar phemonemon is observed 
in both BD +17 3248 and HD 122563. For Fe I, we de- 
tect both an offset and a very slight trend in both stars, 
though the effect is much smaller in BD +17 3248, the 
warmer of the two stars. There is no offset and only 
a minimal trend for Zr n in BD +17 3248, but a much 
larger trend is observed in HD 122563, although we have 
only derived abundances from 6 Zr II lines. We use these 
trends as "local metallicity" references to empirically ad- 
just the derived abundances of other species (where neu- 
tral species are adjusted according to Fe I and singly- 
ionized species are adjusted according to Zr n). For 
example, the abundance derived from the Cd I line at 
2615A in BD +17 3248 is adjusted by +0.32 dex, the 
difference between a hypothetical Fe I line at 2615A and 
the mean Fe I abundance for lines in the optical spectral 
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Fig. 2. — Abundances derived from NUV transitions of Fe I 
and Zr II in BD +17 3248 and HD 122563. A representative la- 
abundance uncertainty for each transition is illustrated. The solid 
lines represent linear fits to the abundances, with uncertainties 
indicated by the shaded regions. The mean abundance of each 
species derived from transitions in the optical spectral range is 
indicated by the dotted lines. Abundances have been renormalized 
to a common log(g/) scale in both stars, and the Zr II abundance in 
HD 122563 has been renormalized to the Zr II (optical) abundance 
using the equivalent width measurements of [Ho nda ct al. (120041) 
to account for the d ifferent model atmosphere parameters between 
IHonda ct al. (2006) and the present study. 

region. We caution that there are very few Fe I lines and 
no Zr II lines shortward of the Mg I series limit at 2515A, 
where the bound-free opacity contribution from Mg I may 
increase substantially. This uncertainty should be borne 
in mind when extrapolating the trends to shorter wave- 
lengths. 

We derive the abundances of Cd I, Lu II, and Os II 
in BD +17 3248 by comparing synthetic spectra to the 
observed absorption profiles. These fits are shown in Fig- 
ure [31 and the adjusted abundances are reported in Ta- 
ble [1] In HD 122563 we report the tentative detection 
of Cd I and Lu II, but we can only estimate an upper 
limit for Os II. The Os II line is relatively unblended in 
BD +17 3248. The Cd I line is blended with an Fe I tran- 
sition at 2288. 04A and an As I transition at 2288. 12A. 
Unfortunately, neither has a laboratory \og(gf) measure- 
ment, so we are forced to fit these blends as best as possi- 
ble. The continuum is depressed slightly at the Lu II line 
in HD 122563 and more substantially in BD +17 3248 by 
saturated Fe n lines at 2613.82 and 2617.62A. Further- 
more, this line is contaminated with OH in HD 122563, 
although this blend is minimized in the warmer atmo- 
sphere of BD +17 3248. Considering all of these sources 
of uncertainty in the fits and the corrections to account 
for the continuous opacity, we estimate an uncertainty of 
at least 0.30 dex for each abundance derivation. 

We have rederived the Hf II abundance in 
BD +17 3248 using 4 transitions in the NUV. Sev- 
eral Hf II transitions can also be detected in the optical 
spectral range. Finally, we have derived new or revised 
abundances for several elements between the 1st and 
2nd r-process peaks in BD +17 3248 (Nb, Mo, Ru, Rh, 
Pd, and Ag; Z = 41-42 and 44-47) using the Keck 
spectrum. These abundances are reported in Table [TJ 



3. RESULTS AND DISCUSSION 

In Figure |4] we display the abundance distribution 
for the n-capture elements in BD +17 3248. The S. S. 
r-process abundance distribution, calcula ted as residu- 
als fr om a classical model of the s-process (jSneden et al.l 
2008), is shown for comparison. When normalized to the 
Eu abundance in BD +17 3248, this distribution is a su- 
perb match to the stellar abundanc es for Z > 56. as ha s 
been demonstrated previously (e.g.. lCowan et al1 i2002). 

The detection of Cd extends the suite of lighter 
n-capture elements observed in metal-poor stars more 
than halfway between the 1st and 2nd r-process peaks 
(roughly A ~ 80 and 130, respectively). For Sr to Cd 
(Z = 38-48, missing only the short-lived isotopes of Tc, 
Z = 43), there is a very pronounced even-odd abun- 
dance pattern in BD +17 3248, much more so than is 
predicted by the scaled S. S. r-process distribution or 
the r-process residuals derived fr om the (Solar metal- 
licity) stellar s-process model of lArlandini et al.l 119991 
(not shown). This effect was first noticed in the Pd 
and Ag abundanc e pattern of three r-pro cess enriched 
stars observed bv Uohnson fe Boltel (|2002f ). The large- 
scale dynamical network calculations from the core col- 
lapse supernova hig h-entropy neutrino wind model of 
iFarouqi et al.l (|2009l ) reproduce this pattern better for 
Sr-Pd but still underestimate the even-odd effect for Ag 
and Cd. This general agreement is encouraging, but ad- 
ditional calculations and comparisons are warranted. 

Lu is the final member of the rare earth elements 
(REE) to be unambiguously detected in r-process en- 
riched metal-poor stars. The Lu/Eu (or, more generally, 
Lu/REE) ratio predicted by the scaled S. S. r-process 
distribution is in reasonable, though not perfect, agree- 
ment with our derived Lu abundance. Additional Lu 
abundance derivations for other metal-poor, r-process 
enhanced stars are required to assess whether the pre- 
dicted Lu abundance or the stellar measurement (or 
both) is in error. 

Each of the neutral and singly-ionized states of Os have 
now been detected in BD +17 3248, and our abundance 
of Os II, log e = +0.03, is in fair agreement with an 
updated Os I abundance derived from three optical and 
NUV lines, log e = +0.25. Os is the heaviest stable el- 
ement that can be detected in its singly-ionized state in 
BD +17 3248. If the Os II abundance should prove re- 
liable and its uncertainty can be reduced, this has the 
potential to offer two significant improvements for nu- 
clear cosmochronometry. The only radioactive isotopes 
practical for age dating the material in old stars are 
232 Th and 238 U, both of which can only be detected as 
first ions. Abundance uncertainties are minimized when 
considering ratios of two elements in the same ioniza- 
tion state. When predicting the initial production ra- 
tios, the uncertainty is generally smallest when the two 
elements are as close in mass number as possible. Pre- 
viously, the heaviest singly-ionized reference element has 
been Hf II, whose stable isotopes are separated by 52-55 
mass units from 232 Th; the stable r-process isotopes of 
Os are only separated by 40-44 mass units from 232 Th. 
Adopt ing the range of production ratios from lKratz et all 
(2007), the Th n/Os I ratio predicts an age range of 15.7- 
21.5 Gyr, whereas Th n/Os n predicts an age range of 
5.4-11.2 Gyr. The latter is in better agreement with 
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Fig. 3. — Fits of synthetic spectra to the observed spectra in BD +17 3248 and HD 122563. The bold lines indicate the best fit, dotted 
lines indicate ± 0.30 dex from the best fit, and the thin line indicates a synthesis with the species of interest removed. 
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Fig. 4. — Neutron-capture abundance distributions in 
BD +17 3248 and HD 122563. Detections are indicated by filled 
symbols, and upper limits are indicated by downward-facing open 
triangles. The bold blue line in the top panel represents the 
core collapse supern ova high entropy neutrino wind calculations of 
Farouqi ct al. (2009) (estimated from their Figure 3), normalized to 
Sr (Z = 38). The solid line in each panel represents th e scaled S. S. 
r-process abundance distribution (Sncden ct al. 2008), normalized 
to Eu [Z = 63), and the dotted line in the lower panel repre- 
sents this same distribution normaliz e d inst e ad to Sr. Abu n dance s 
are taken from lUowan et al.l ll200l [20Q5T) . IHonda et all J2006T) , 
I Roeder er ct al. (2009), Sncden ct al. (2009), and the present study. 
Several elements have been renormalized to a common set of labo- 
ratory log(g/) values, and the abundances of HD 122563 have been 
renormalized to our abundance scale as described in the caption of 
Figure [2] 



the age predicted from other chronometer pairs (e.g., 
Th Il/Eu II, which predicts an age range of 7.9-12.3 Gyr). 
The present uncertainty in our Os n abundance trans- 
lates to an age precision of 14 Gyr, but if the Os II un- 
certainty could be reduced to 0.10 dex the age precision 
would improve to 4.7 Gyr. 

The Hf II abundance derived in BD +17 3248 from 
4 lines in the NUV is marginally lower (log e = 
-0.76 ± 0.08, a = 0.14) than that derived from 6 lines 
in the optical (log e = -0.57 ± 0.03, a = 0.08). Pre- 
vious analyses of the Hf II abundance in r-process en- 
riched metal-poor stars have revealed that the stellar 
Hf II r-process abundance is higher by 0.15-0.25 dex than 
that predicted by th e scaled S. S. r- proce ss distribution 
(lLawler et al.ll2007t iRoederer et~aT1 120091: iSneden et all 
2009J). Our Hf n NUV abundance is in excellent agree- 
ment with the scaled S. S. r-process Hf/REE ratio. Many 
of the transitions used to derive the REE stellar r-process 
abundance distribution from the optical spectral range 
arise from 0.0 eV low er levels, but only o ne of the 12 
Hf II lines employed by lLawler et al.l (|2007l ) has a 0.0 eV 
lower level. Two of the four lines used to derive our 
NUV Hf II abundance arise from 0.0 eV levels, with 
log e = —0.68 from just these two transitions. Perhaps 
by using these transitions we have mitigated a subtle 
systematic effect present in the computation of the Hf II 
abundance relative to other REE. This might imply that 
other stellar Hf II r-process abundances — rather than the 
predicted S. S. r-process abundances — warrant minor re- 
visio ns. Again adoptin g the range of production ratios 
from lKratz et all (|2007| ). the NUV Th n/Hf n ratio pre- 
dicts an age range of 5.8-18.5 Gyr, whereas the optical 
Th n/Hf II ratio predicts an age of 14.7-27.4 Gyr. The 
precision is 5-6 Gyr in each measurement, but clearly 
the lower Hf n abundance derived from the NUV lines 
provides a more realistic age estimate for BD +17 3248. 

Figure |4] also displays the abundance distribution 
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for HD 122563, which is known to be deficient in the 
heavy n-capture elements. The scaled S. S. r-process 
distribution is a poor fit to the abundance pattern 
wheth er normalized to the 1st r-process peak or the 
REE (jHonda et al.ll2006ft . (No reasonable s-process dis- 
tribution, or combination of r- and s-process distribu- 
tions, matches either.) HD 122563 may be an exam- 
ple of enrichment by the so-called "weak" r-process, 
which produces small amounts of light n-capture mate- 
rial and steadily-decreasing; amounts of heavie r material 
(jHonda et alJl2006t IWanaio fe Ishimarul 12006ft . Our Cd 
abundance in HD 122563 suggests that the downward 
abundance trend continues in the region between the 1st 
and 2nd r-process peaks. Our Os upper limit in this star 
is not strong enough to exclude a scaled S. S. r-process 
pattern between the REE and the 3rd r-process peak. 

The detection of these three new species in 
BD +17 3248 is only a first step in understanding how 
and in what amount these elements were produced. By 
examining their abundances in other metal-poor stars 



enriched to different levels by the r-process, we may 
gain a better sense of any systematic offsets affecting 
the present analysis. These uncertainties must be min- 
imized to take full advantage of these species as con- 
straints on n-capture nucleosynthesis models and mean- 
ingful age probes for the n-capture material in metal- 
poor stars. 
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6 Roederer et al. 



TABLE 1 
Derived Stellar. Abundances 



BD +17 3248 HD 122563 

Species Z A (A) E.P. (eV) log(g/) Ref. log e log e 



New Abundances from ST1S Spectra 



CM i 


48 


2288.02 


0.00 


+0.15 


1 


-0.03 


-2.10 


Lu n 


71 


2615.41 


0.00 


+0.11 


2 


-1.58 


-2.96 


Hf n a 


72 


2638.72 


0.00 


-0.17 


3 


-0.62 




Hf n a 


72 


2641.41 


1.04 


+0.57 


3 


-0.91 




Hf n a 


72 


2820.23 


0.38 


-0.05 


3 


-0.77 




Hf n a 


72 


3012.90 


0.00 


-0.60 


3 


-0.74 




Os II 


76 


2282.28 


0.00 


-0.14 


4 


+0.03 


< -1.56 








New Abundances 


from HIKES Spectra 






Nb ii 


41 


3215.59 


0.44 


-0.24 


5 


-0.26 




Mo I 


42 


3864.10 


0.00 


-0.01 


6 


+0.17 




Ru i 


14 


3498.94 


0.00 


+0.31 


7 


+0.34 




Rh I 


45 


3434.89 


0.00 


+0.45 


8 


-0.57 




Pd i a 


46 


3242.70 


0.81 


+0.07 


9 


-0.10 




Pd i a 


46 


3404.58 


0.81 


+0.33 


9 


-0.09 




Pd i a 


46 


3516.94 


0.94 


-0.21 


9 


+0.05 




Ag i a 


47 


3280.67 


0.00 


-0.04 


10 


-0.83 




Ag i a 


47 


3382.90 


0.00 


-0.35 


10 


-0.67 





References. — (I) IMortonl J200CI); (2) t his st udy; (3) ILawler et al.l 120071); (4) llvarsson etaLl J2004T) ; (5) INilsson et al.l <201Cft ; (6) 
IWhaling fc Braulti H198ST I: (7) IWickliffe et aLl lft994T ); (8) IKwiatkowski et al.l (jl983 >: f9) IXu et al.l H2006T ): (loV lFuhr Hz Wiesei l|2009f ) 

a The mean abundances in BD +17 3248 are log e (Ag i) = -0.75 ± 0.14, log e (Pd i) = -0.05 ± 0.09, and log e (Hf n) = -0.76 ± 0.14. 



